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NOMENCLATURE

is the Mach number of the flow

is the electrodes and gap’s area

is a height of the interelectrode gap

is a load coefficient

is a flow velocity

is magnetic field induction

is plasma conductivity

is the Hall parameter for the electrons

is ionization frequency

is a induced current

is electrode voltage

is the electric field strenght

is the electric field potential. the electric current

is the number density of the heavy particles (ions and atoms);
is the electron number density

is the ionization degree

are the temperatures of heavy particles and electrons
is the the plasma velocity

is the body wall heat flux due to heavy particles

is the body wall heat flux due to electrons
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1. MHD Interaction in air plasma
Introduction

Till now, the experimental study of the MHD-interaction in an diffuser has been made when
using ionized Xe as a working body [1-4]. It resulted in a series of original and important data. Need
in such modeling arises because of the shortcomings of the modern experimental methods in
producing the air plasma having the parameters required for the MHD-experiments: in a rather large
volume, plasma should be homogeneous in density and of higher ionization degree than in the
ordinary gas discharge, i.e., 10®° — 10,

The purpose of this stage of our work is to produce the diffuse layers of a rather high
conductivity and maintain the magneto-induced current in a supersonic MHD- channel using a
sequence of impulse discharges at equal intervals.

A general obstacle in obtaining the uniform plasma volumes is the rise of the instabilities
which result in transferring a glow discharge to the arc one. The various methods were advanced to
suppress the instabilities which result in a significant increase in the lifetime of a uniform ignition of
the discharge [5, 6].

For self-sustained discharges, an increase in the lifetime of the uniform discharge phase
involves the electrode sectioning and incorporating a separate ballast resistance in each section or
application of a plasma cathode provided with a creeping discharge. For the non-self-sustained
discharges, the fundamental factor in obtaining the uniform ignition is to introduce a rather high
concentration of the electrons into the gap from an external source.

In this work, both of these variants of discharge ignition in the ionizer, self-sustained and non-
self-sustained discharges were used. It should be noted, that the requirements upon the degree of
plasma uniformity in the investigations on plasma aerodynamics, as a rule, can be essentially less than
those of laser technology.

This work consists from two stages. On the first stage [5, 6] investigations were made in
immobile gas without magnetic field. In this stage the construction of pin electrode was developed,
different types of discharges were tested, boundary conditions on pressure and voltage at which
discharge are diffuse were found. On second stage [7, 8] pulse-periodic ionization of air flowing
through lateral magnetic field were made and production of magneto-induced current were tested.

In experiment pulse-periodic process was modeled by sequence of ionizing signals supplying
to three independent ionizers, placed on some distance one from other. We intend to use this very
circumstance that the lifetime of ionized gas volume is essentially larger than that of a gas-discharge
impulse. With impulse-periodical current, a layered flow arises with alternating conducting, more or
less, layers which can be used as a working body in the MHD-channel.

We intend to use this very circumstance that the lifetime of ionized gas volume is essentially
larger than that of a gas-discharge impulse. With impulse-periodical current, a layered flow arises with
alternating conducting, more or less, layers which can be used as a working body in the MHD-
channel.

1.1. Discharge in immobile gas
1.1.1 Formulation of the problem
The aims of test experiments were to achieve conditions at which discharge between
electrodes uniform, to determine electron concentration and plasma conductivity, and to study plasma
decay after switching-off of ionizing voltage with aim to determine characteristic time 14, during
which conductivity decrease up to value sufficient for MHD interaction.

To determine a of plasma decay for different types of discharges and for combined discharge
with the aim of estimating possibility of a pulse-periodic ionization process.

A reliable estimation of the plasma parameters can be accomplished for an ideal situation of
uniform plasma state in a uniform electric field at V < Vy, where Vy, is a breakdown voltage, when



using the Townsend calculation scheme [8]. Here, supposedly, ionization arises due to electron impact
and ions recombine due to dissociative recombination

O, +e—> 0, +2e 0,'+e—>0+0 (3)

N, +e — N," + 2e N," + e — N+N

As the ionization and recombination rates for O, and N are not too different from each other [9], then,
the estimations are accomplished for the cumulative air particles.
The kinetic equation is as follows
dN
g = VN AN (4)

where vj is ionization frequency to be determine via the Townsend ionization coefficients [9] and 3 are
the dissociative recombination coefficients taken from [10].

B =310 T cm’/s (5)

Concerning the electron sticking with the O, molecules, note that this process is of no
importance in the pulsed discharges because of the small rate of this process of which values are given
in [11].

An example for the conditions including E/p = 30 V/(cm-Torr) and p=10 Torr gives T, =18000K, v; =
5x10™ s, B = 1.25x10° cm®/s; steady state electron density Neet = 4x10™° cm™ is obtain in a time of an
order of 2x10° s. Inherent recombination time t,=2:10™s and ¢ = 25 Sm/m, pulse transfer frequency is,
1 =3.9x10" s,

In this study, the general plasma parameters are determined via the experimental data.

1.1.2. Pin electrodes and test chamber.

To ignite a diffuse discharge, in agreement with the recommendations in [9], the pin electrodes
were involved. A pin electrode 0.5 mm wide and 1.5 mm in length is fabricated from silver-plated
brass. Six electrodes inserted into an isolation plate make up a single section. Placement of the
electrodes on this section is shown in Fig. 1.1.1. The electrode inserts are mounted in a test vacuum
chamber representing a shock tube section fabricated from plexiglass of 50x50 mm cross-section. The
electrodes project beyond the surface of the insert by 2 mm. In Fig. 1.1.2, a picture of the test section
with the inserted electrodes is given. One can see that both the anode and cathode incorporate the pin
electrodes. The chamber’s design enables the various pressures of a working gas to be maintained.

1.1.3. Electrical schemes

An electric schematic of the ionizer operation is shown in Fig. 1.1.3a. Primary winding of a
transformer Try is included in the anode circuit of a pulse thyratron. After thyratron start-up, a
capacitor Cz circuiting a secondary winding is charged up to the breakdown voltage of a discharger-
sharpener P. After breakdown of this discharger, the high-frequency oscillations arise in a contour
CsLs which are transferred via a transformer Tr, on the electrodes of the ionizer. Their frequency not
considering a mutual winding inductance is determined, in the first approximation, by the parameters
of a capacitor Cs and inductance Lzas o = (L3Cs)™? (at Ls<< Ly).

Amplitude of the high-frequency oscillations in a contour depends on (1) magnitude of a high-
voltage pulse coming from the thyratron scheme to the primary winding of Try, (2) adjusting the
ignition voltage of a discharger-sharpener P, (3) parameters of a transformer Tr,. This amplitude can
be varied within the wide limits depending on the experimental conditions. Duration of a high-
frequency oscillation train is determined by both the pulse duration of the primary circuit Tr; and Q-
factor of a contour L3 Cs, P.



As the thyratron, it is involved a pulsed hydrogen thyratron TGI-325/16 of home fabrication
working at anode voltage up to 16 kV. Delay of the thyratron start-up of such a type relative to arrival
time of a synchronous pulse is not greater than 0.5 mks. Amplitude of this synchronous pulse is about
100 V. To suppress interference from induced currents in cable sheath, this synchronous pulse feeds
the thyratron grid via an isolating transformer (1:2) wounded on a ferrite ring (primary winding of 20
turns, the secondary one of 40 turns).

Fig.1.1.4 shows scheme of organization of combined discharge, which includes switching-on
high-frequency and high-voltage discharges. The scheme of organization of high-voltage discharge
similar to presented above (see fig.1.1.3).

Larger amount of energy for gas ionization in the ionizer sections comes from a pulse
discharge of a capacitor C; with time delay (relative to HF-pulse) control. A capacitor C; is connected
to the pin-electrodes via ballast resistances R,. HF-pulse supplies the same electrodes via blocking
capacitors Cs which accomplish two actions. First, they are the ballast impedances for HF-pulse;
second, they separate a secondary winding Tr, from a high voltage charging the capacitor C;.
Thyratrone scheme for discharching C; is similar to that for HF-pulse generation.

Fig.1.1.5 shows scheme of two-pulse high-voltage discharge.. It makes possible to supply the
pin-electrodes with two high-voltage pulses with controlled time interval between them, which is
maintained by a synchronization unit. To generate both pulses the identical thyratrone schemes are
applied, similar the above ones (see, Fig. 1.1.3a). Each pulse is supplied to the pin-electrodes via own
group of the ballast resistances. Supply of three high-voltage pulses in a row is realized in the same
manner.

1.1.4. Measurements results
Discharge diagnosis was as follows. In the experiment, voltage V(t) on capacitor C; was

measured with the help of a potential divider. The current value can be determined by differentiation
of this signal

dv
|=C,— 4
gt (4)
. Vv
The total resistance R:T’ (5)
R=Reff + Rp (6)

Where R is effective resistance of the plasma gap and Ry is ballast resistance, determined as
equivalent resistance of individual resistances connected in parallel. VVoltage on the plasma gap

Reff
Vp=V (7)

The average effective conductivity <oes> was determined as
L
<gefi> = , 8
eff Reﬁ S ( )

where L =5 cm is the distance between electrodes, S = 2 cm? is the discharge cross-section.
The average electron concentration was determined as
<Ne> = i ©)

ev,



where <j>=§ is the average current density, e is the electron charge, vq is the electron drift velocity

Vv
determined from [8] using the values of E/p, where E = T" is the electric field intensity.

All presented experimental results obtained at pressure p=15 Torr. Preliminary investigations
[5, 6] show that at pressure p<15 Torr the discharge are uniform. Figs.1.1.6, 1.1.7 and 1.1.8 shows
photographs of luminosity in interelectrode gap at high-frequency, combined and high-voltage
discharges, respectively. It is seen that luminosity in gas volume are relatively uniform, and there is an
increase in luminosity in regions near electrodes. Ballast resistance connected to the anode, which is
upper electrode in figure

For diagnosis of the HF discharge, it was affected by a relatively long discharge of capacitor
C; at relatively low voltages V<<V,,.. Fig. 1.1.9 shows variations in voltage on the capacitor (a), and
current value (b). The oscillogram of voltage demonstrates a HF discharge (with frequency of the
order of 10 MHZ and duration of about 2 mks). It can be seen that a fall of diagnostic voltage occurs
after its completion.

Fig. 1.1.10a shows a decrease in electron concentration with time. At t=0, <N:>=5.6-10"® m™®,
at t=7g <Ne>=1.5-10"* m*,

Fig. 1.1.10b shows variation in values of the average effective conductivity with time obtained
at different voltages on capacitor C; The fact that that all the curves <oes>(t) are close to each other
indicates that the discharge of capacitor C; serves only for diagnosis and at V < 2500 V does not
introduce extra ionization into the interelectrode gap.

Combined discharge are obtained by applying a high-voltage pulsed discharge with the voltage
on capacitor C; close to the breakdown voltage on HF discharge. Fig. 1.1.11a shows variations of
voltage and of current with time. Fig. 1.1.11b shows the values of E/p and electron drift velocity vy,
for the different moments of time. Fig. 1.1.11c presents time dependence of the average effective
conductivity and average electron concentration. In this case we can seen extended plasma decay,
which can be explained by the fact that there is a higher voltage on the electrodes, and simultaneously
with plasma recombination there is a plasma ionization. In this case the conductivity change ????
than in the case of recombination for the time zy (see Fig.1.1.10b). Fig.1.1.12 shows changes in
current and electron concentration with time. Results shows that using such scheme allow us to make
several ionizing pulses with time delay between them.

The results of experiments are given in Table 1.

t is time of discharge, W is energy of discharge.

Table 1
Type of discharge <j>, <o>, Ne, t, W=J/o
Alm? sm/m 3 s Im®
High-frequency 10* 2 0.2 10" 2 25
Combined 9 10°* 12 3.5 10" 2 0.88 10°
High-voltage 2.510° 4 1.010" 2 3.1 10°

1.2. MHD interaction in gas disharge air plasma.

1.2.1. Organization of the experiment.

A schematic of the setup is presented in Fig. 1.1.13. A supersonic airflow is arisen in the
diaphragm shock tube with reflecting nozzle used earlier [12-15]. The gas-dynamic range includes the
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shock tube and divergent nozzle, being a working chamber. A narrow slit separated from the nozzle
with a thin diaphragm is displaced at the shock-tube end cup. The diaphragm being disrupted, a gas
heated behind the reflected shock wave enters the nozzle and is accelerated into the divergent channel.
Shock-tube diameter is 50 mm, low-pressure chamber length is 450 cm, high-pressure chamber length
is 100 cm, linearly divergent nozzle width PHS 46 mm, opening half-angle of the nozzle is 11°, and
nozzle’s height in critical cross-section is 5.5 mm.

To obtain the volume ionization of air (nitrogen), three pairs of the ionizing pin-electrodes are
located on the vertical sides of the working chamber as shown in Fig. 1.1.13. They are supplied with
the equally spaced signals from the special system of the ionizing pulses. The system start-up is
synchronized with the gas-dynamic processes via a piezoprobe situated in the gas tube. There are the
sectioned electrodes for short-circuiting the magneto-induced current on the horizontal sides. The
electrodes are mounted on a special removable insert.

Here, in Fig. 1.1.13, the directions of the main velocity vectors are shown: flow velocity (u),
magnetic induction (B), magneto-induced (jy) and discharge (l4) currents.

A schematic of the pin-electrode connections via the separate ballast resistances R, and a
schematic of short-circuiting the magneto-induced current via a load resistance R, are shown as view
in section A-A.

Figure 1.1.14 shows the setup picture. One can see the low-pressure chamber of the shock
tube, attachment flange with the working chamber, pair of textolite plates in which the Helmholtz
coils are mounted; there is the working chamber between these plates, further, there is a shock
absorber. This Figure shows also the working section close-up.

A scheme to produce the transverse quasi-stationary magnetic field up to 1.5 T is described in
[1-4].

As shown in Table 1, the highest ionization is obtained at the combined discharge, however,
this mode consumes the relatively large amounts of energy. So, the combined discharge is needed for
the first pulse as the previous studies [5, 6] have shown that the uniform initial ionization is resulted.
The following pulses occur in an ionized gas. The impulse high-voltage discharge can be only used
for the pulses, which follow the first one as the gas is already ionized. In the initial experiments of
which results are presented in this Report, only the high-voltage discharges are used at all the pulses.

Recombination rate in still air when the discharge is over has been determined in [6]. The
overall data concerning the temporal decrease in plasma conductivity are shown in Fig. 1.1.15. Note,
these results are obtained at the temperature of electrons T, = 15000-12000K as the diagnostic quasi-
stationary electric field supplied during the afterglow is E/p = 10° V/(cm-Torr).

Show a conditional distribution of conductivity along the channel when all three ionizers are
supplied with three short ionizing pulses of = 1 mks in duration with a given interval. They produce
the regions of uniform ionization. Suppose, for simplicity, that these regions have the sharp
boundaries coinciding with the boundaries of these ionizers, and they are not blurred in time.
Conductivity of such regions when moving along the channel is decreased in time due to
recombination. At the conditions nearest to the experiment, Fig. 1.1.16 shows a change in
conductivity along the channel for different times. This Figure shows that arising the quasi-stationary
flow of conductivity with the weak temporal changes is terminated by the time of the second pulse at
such connection mode of the ionizers. Under other connection mode, the layered flows can arise. The
preliminary experiments [5, 6] show that, in this case, a mean conductivity is about 2-4 Sm/m.

1.2.2. Flow parameters

The initial parameters of the low-pressure chamber of the shock tube are denoted by “I”, those
behind the shock wave — “2”, those behind the reflected shock wave — “5”, high-pressure chamber
parameters — “4”,

Figure 1.1.17 shows a x-t diagram to determine duration of a plug of shock-compressed gas

downward the reflected shock wave at M,=3.001, E“:GSO. A value of E“_ should be increased
1 1
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about 1.5 times during the experiment for obtaining the same Mach number of an incident shock
wave. The experimental values of a working time turn out to be 2 times less than the calculated ones
[16], thus, real outflow time is about 750 mks for our setup.

Figure 1.1.18 shows the relative values of decelerating temperatures and density downward the
reflected shock wave Ms at the different Mach numbers of the incident shock wave M, as well as the
ratios of air pressures onto the diaphragm with which is generated a flow of given M, all these values
being calculated via the ideal shock-wave theory [16].

Figure 1.1.19 shows the relative values of the flow parameters in the linearly divergent channel
calculated via the isentropic formula [17].

A working regime of the shock tube is selected from the following reasons: a hot plug length
should be many times greater than length of a region of the MHD interaction, particle concentration in
a working section N= 102+10** m™, under expansion in the nozzle, a gas temperature should be
higher than that of condensation of the air components and virtual molecular admixtures, a
temperature of air heated behind the reflected shock wave should not be higher than a temperature at
which a relevant change in the air molecular composition proceeds. The experiment is carried out at
working conditions of the shock tube as follows: Mach number of airflow in the shock tube M, =3,
p1=34 torr, T;=300K.

When entering an interaction region Xj, = 16.5 cm, the flow Mach number M=3.6, T=395 K,
u=1.41-10° m/s, N=5.34.10% m™. A pressure reduced to the conditions of a gas discharge pgs is
determined as the pressure at a temperature 300K at the same particle concentration N. At the entrance
into the interaction region pgis = 15 Torr. Working time for experimenting in the MHD interaction
region is 500 mks. It is limited by an arrival of a flow reflected from the end cup of the working
chamber in the interaction region. Kinetic energy of a flow entering the interaction region is

2 2
p; =2.47-10* J/m®. A parameter of MHD interaction St =

at a length of interaction region L

=0.1m, 0 =4Sm/m, B=1.5T and given gas-dynamic parameters has a value St = 0.024. According
to [1, 4, and 18], at this value of St, the magnetic field can influence strongly the flow parameters. The

Hall parameter B= .= De 45
Vv

e

1.2.3. Electrodes

In this study, the pin-electrodes are fabricated differently as it is shown in Fig. 1.1.20. Here, an
electrode of the first ionizer is shown. It consists from 70 pins introduced into a flow by 6 mm being
unified in the sections of 10 each.

A resistance of interelectrode gap of a separate section is denoted by R; with a connection to a
ballast resistance Ry;. Essentially, these sections are the separated pins and their collection is a pin-
electrode. An equivalent resistance including 7 sections and 7 ballast resistances, all the R; being

R +R,.
supposedly equal, can be presented as Req = Reg=—— >

. Essentially, Req is a conventional notation

of the ionizer.

An electrode for removal of the magneto-induced current is fabricated from a bulk of brass
with several salients of 4 mm height. This is because of arising the near-electrode drop of a potential
as high as 60 V being comparable with the magneto-induced EMF due to different near-electrode and
near-wall effects as it is shown by the experiments [1-4] carried out with the smooth electrodes. So,
for current circuiting, an additional external electric field is required. We decide that an application of
the electrodes with sharp sides and extended beyond a boundary layer can decrease the near-electrode
drop in a potential. Such electrodes are used as a cathode as an anode.

Control experiments we carried out with Xe. As it is known [1-4], a relevant recombination
time of thermally ionized Xe in a shock tube when expanding into a nozzle is of several orders of
magnitude higher than for air. A regime to be accomplished is such that conductivity at a working
section is of order of 10 Sm/m as estimated. The experimental results show that, at an external voltage
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of 30 V, electrode current turns out to be 1+2 A as expected. Thus, a near-electrode drop is at least 2
times lower when using such electrodes and makes possible to record the magneto-induced current.

Location of the electrodes in MHD channel is pictured in Fig. 1.1.21. This shot is made when a
forward insert with the ionizing electrodes-anodes is removed. The picture shows the divergent
channel, the electrodes for current removal and ionizing electrodes-cathodes.

An electric field of the ionizing electrodes is directected along the magnetic strength lines to
remove any effects on a discharge current of the magnetic field as we have not studied such effect till
now. Further, the MHD electrodes to decrease an influence of a Hall current should be narrower with
smaller spacings between each other and their displacement should be below the ionizing electrodes as
well as between them. However, we locate the current-removing electrodes only between the ionizing
electrodes being afraid of short-circuiting uncontrollably a gas-discharge and magneto-induced
currents because of our primary attempt to accomplish a simultaneous work of both systems.

1.2.4. Formation of ionizing pulses

For air ionization in a supersonic flow with a shock tube, two modes are used: first, a
combined discharge, which uses the gains of a high-frequency (HF) high-voltage breakdown for
preliminary gas ionization in an interelectrode gap of an ionization section (fig.1.1.4). Greater amount
of energy is produced by a discharge of additional capacitance, which follows the high-frequency
pulse with a controlled time delay. Second, a pulse-periodic discharge (fig.1.1.5) when a system of
electrodes is supplied with the high-voltage pulses of several separate sources. Time between the
pulses can be variable within wide limits.

It is the anode to be used experimentally as a pin-electrode with separate ballast resistances,
but [9] recommends the cathode. However, in our experiment, uncontrollable arcing ground occurs in
certain runs.

In Fig. 1.1.22, a flow-chart of ionizer connection with a voltage source is shown. All the
ionizers are included in a single unit. A voltage comes from three high-voltage sources with controlled
time intervals to this unit using a scheme of signal formation. In the experiment, as it is shown in Fig.
1.1.22, a voltage V is recorded on an equivalent resistance. In Fig. 1.1.23, a voltage oscillogram is
shown of three pulses in a row in still air with 8 mks interval. In the experiment, the interval between
pulses is varied. On can see that after a start-up, there is a time lag before the discharge beginning.
Discharge duration is determined by a time of voltage decay on the ionizers, it is denoted as At in Fig.
1.1.23 and equals 1-3 mks, as a rule. Regretfully, we can not measure a current due to strong
interferences influencing the Rogofsky coil.

Duration of light pulses is recorded with a PEMT directed at an angle to a region between 111
pair of ionizers. Figure 1.1.24 gives the emission oscillograms in a still gas from three discharges
ignited with a shift from each other. One can see that afterglow duration is essentially greater that that
of a current pulse.

It is difficult to record a discharge structure with such displacement of the ionizer. In Fig. 1.1.25,
a side view of discharge picture is shown in a region of the 111 ionizer. The cathode is at the right and
the anode is at the left. One can see that a glow in a volume between the electrodes is fairly uniform.
Note a bright glow in a region of 9 anode pins. Distinct from the test experiment (Fig. 1.1.8), a glow
in the cathode region is fairly uniform evidencing on a better disposition of the electrodes of ionizers.

1.2.5. Experiments in MHD channel

A magneto-induced current | is measured experimentally, an electrode voltage Vg, resistance
Rel, and a mean conductivity of interelectrode gap <o> are determined.

An equivalent flow-chart for each separate pair is shown in Fig. 1.1.26. It implies that the
magneto-induced EMF ¢ falls on the inner resistance of the interelectrode gap and a load resistance R,



e =IRe + IRL

== (6)

The experiment is performed at the conditions: B=1.3 T. Calculated EMF of 1%, 2" and 3" pair
of electrodes equal 120 V, 140 V and 180 V, respectively. The voltages of the ionizing electrodes are
8 kV (I ionizer), 7 kV (1l and I11 ionizers). lonizing pulses comes with 10 mks interval.

Measurements of EMF was made at R >>R¢, R =1 Ohm. Fig.1.1.27 shows oscillogram of
voltage on the 2nd pair of electrodes. It is seen that voltage decrease with time, and maximum value
1.5 times lower than calculated EMF. This fact is due to there are a large role of leakage current and
large interelectrode resistance due to large near-electrode voltage drop at low current. We will use
calculated values of EMF, i.e. the role of factors noted above decrease with increasing current.

Typical oscillograms of magneto-induced current at R, = 10 Ohm are shown in fig 1.1.28. The
highest current is recorded on the first pair of electrodes 1=0.1 A. Via the formulas (6) Rei=1.19 kOhm,
<¢> = 0.07 Sm/m. It can be seen that the obtained value of a mean conductivity is approximately 50
time lower that expected. Firstly, the Hall effect resulted in a voltage drop because of non-ideality of
the electrode sectioning. At given geometry of the electrode system and taken value of Hall parameter
(Be = 4.5), a mean conductivity should be ~ 5 times lower, according to [18]. The edge effects result
also in a decrease in a mean conductivity, being of importance in this case of a short channel when its
length is comparable-sized with its height. Also, it of importance a near-electrode voltage drop
resulting in several times conductivity decrease [18]. Thus, obtained value of a mean conductivity is
in reliable limits. Its smallness is related with the fact that, when fabricating the channel, not all
known requirements to the channel construction are fulfilled as the general task is to demonstrate a
possibility to rise the magneto-induced current in air (nitrogen) discharge plasma.

It should be noted, that carrying out this experiment is proved to be very complicated due to
mutually influence of ionizers work and MHD effects. We have managed to make a run of effective
experiments. But it is need further searches for successful solutions of separate problems for reliable
mutual work of ionizers and current collector electrodes.

1.2.6. Conclusions

A setup is created included the MHD system with a system of gas-discharge units.

The operation of gas discharge devices when ionizing pulse duration is less then recombination
time in order was achieved. In this case delay between ionizing pulses and air plasma flight time
between ionizes was set compared with recombination time.

Generation of the electric current is accomplished when air discharge plasma moves in the
transverse magnetic field.

An experience and experimental backlog are maintained for a purpose to create a setup needed
to control a supersonic airflow with MHD method.
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Fig.1.1.1. Placement of the pin electrodes on the electrode unit. Dimensions are in mm.

Fig.1.1.2. Picture of the test section.
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Fig. 1.1.3. a) Thyratron scheme for ionizer, b) Scheme to form a high-frequency pulse.
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Fig.1.1.4. Electrical scheme of combined discharge formation.

Fig.1.1.5. Electrical scheme of two high-voltage pulses formation

14



Fig.1.1.6 Photograph of HF discharge

Fig.1.1.7 Photograph of combined discharge
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Fig.1.1.9. Diffuse HF discharge Change in voltage (a), current (b). t is time of discharge
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Fig.1.1.10. Plasma decay after HF discharge: a) electron concentration at V = 2000 V; b).
conductivity at various voltage on the capacitor C;
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to pressure (E/p) and electron drift velocity vy ¢) average effective conductivity <ce> and electron
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Fig.1.1.14. Photograph of working chamber.
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Fig.1.1.15. Conductivity decrease vs time at plasma decay in non-moving gas.
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Fig.1.1.16. Scheme of ionizing pulses.
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Fig.1.1.17. Determination of working time of shock tube with the help of x-t diagram.

Air-air, p4/p1=650, M=3.001.

S is incident shock wave, S is reflected shock wave, C is contact surface, and R is

rarefaction wave.
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pins) and connection it with ballast resistances.
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Fig. 1.1.21. Photo of lateral side of working chamber with ionizing electrodes and
MHD channel electrodes.
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Fig.1.1.23. Oscillogram of voltage of three discharges in non-moving gas. Time delay
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Fig.1.1.24. Oscillogram of luminosity of three discharges in non-moving gas started
with time delay.
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Fig.1.1.25. Photo of the discharge

Fig.1.1.26. Equivalent scheme
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2. Experimental investigations of magnetic field—supersonic
flow interaction at the loffe Institute Big Shock Tube (BST)

2.1 Introduction

Our investigations during the last three or four years have shown that the
experimental equipment developed on the basis of the BST is a convenient and
comparatively simple tool for studying interaction between a supersonic flow of
weakly ionized plasma and magnetic field [1, 2].

At the initial stage, the investigations were carried out with the use of a test
section of a rectangular cross section housing a supersonic nozzle. A plane supersonic
flow about a flat plate at an angle of 15° was considered. At the lateral edges of the
plate, electrodes are located that are connected to a voltage source providing an
electric current through the plasma directed normally to the flow velocity vector.

An external magnetic field is established by two axially located coils through that
a current pulse with a strength of ~ 30 kA and duration of ~ 4 ms passes in the course
of discharge of a capacitor bank with a store of energy up to 0.4 MJ. The test section
is located in between the coils. Interaction between the external magnetic field and the
current through the plasma flow causes magnetohydrodynamic (MHD) impact on the
supersonic flow that manifests itself, in particular, in changing the shock wave
configuration of the flow pattern. The direction of the electromagnetic force (Lorentz
Force) may either coincide with the direction of the flow velocity vector or be
oppositely directed. To change the Lorentz force direction it is necessary to alter the
directions of either the current through the plasma or the magnetic induction vector.

At the plate there are also heat flux sensors recording variations of the heat flux
to the plate under the MHD interaction.

An important factor of the MHD interaction is the conductance of the gas
medium. The rate of ionization recombination of molecular gases is considerably
higher than in inert gases. The employment of an inert gas as a working medium
considerably facilitates carrying out experimental investigations inasmuch as, in this
case, one can dispenses with a special device (ionizer) for maintaining the necessary
conductance. Therefore, as a working medium we used xenon. The gas conductance
in the interaction region is provided by the residual ionization of the xenon
preliminary heated by the reflected shock wave up to a temperature of ~ 9000 k and
then accelerated (expanded) in the nozzle.

The experimental investigations carried out allows us to find the following:

1. the effective MHD interaction is realized at a comparatively low magnetic
induction of ~ 1 T and a current through the plasma of an order of 1 kA

2. the region of MHD interaction is formed under the influence of the current
passing through the plasma and practically independent of the initial ionization.

To prove the aforesaid in point 2 we realized an effective MHD interaction in a
supersonic flow of molecular gas nitrogen [3] where the initial ionization is absent.
The electric and magnetic parameters at that we studied MHD interaction in nitrogen
turned out to be close to those in experiments with the xenon flow.

Experiments aimed at the MHD control of a supersonic flow of xenon and
nitrogen convincingly showed advantages of the local MHD impact in the
experimental modeling. However, the ways of implementation of the MHD
interaction realized at the experimental complex modeled an internal flow. It is of
interest to implement an MHD influence on an external flow about a body. The
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simplest way to do this consists in employing a body of revolution with a magnetic
system inside it.

As a base for a new design of the model to be studied we chose a body of
revolution consisting of a sharp cone coupled with a cylinder. In the cylindrical
section there is a coaxial coil serving as a source of pulsed magnetic field

Initially, the investigations were carried out in a flow of weakly ionized xenon
plasma flowing about the model under study. The model was located inside the test
section at the outlet nozzle cross section. The discharge of the capacitor bank through
the coil provided the electric current pulse of the duration ~200 us and with the
amplitude 100 kA. It was supposed that under the action of the pulsed magnetic field
near the body surface in the xenon plasma an electric current might arise. The
interaction between the current and magnetic field, in our opinion, had to generate
changes in the flow field which would reflect on the shock wave structure of the flow
about the body.

In the experiments, we succeeded in establishing the magnetic field with the
induction 2 T near the body surface. The further increase of the magnetic induction
was interfered with the mechanical distraction of the magnetic coil and the model
itself under the action of the electromagnetic force. The conductance of the supersonic
plasma flow amounted to ~ 1000 S/m. According to our estimates at such magnitudes
of the magnetic field induction and plasma conductance the effective Start number
does not exceed 0.01. The parameters established in the experiment turned out to be
insufficient for realization of a noticeable interaction of the xenon plasma flow with
the magnetic field.

In spite of the negative result of these experiments, in our opinion, application of
such an approach may turn out more successful when studying an impact of a pulsed
magnetic field on a plasma flow inside a channel. In this case, the magnetic induction
can be considerably increased by increasing the electric current to achieve the Stuart
numbers necessary for the effective interaction. The mechanical strength of the coil
can be enhanced by strengthening its outside.

2.2 Design of the model under study

In the experiments carried out earlier the electromagnetic force was directed
either downstream or upstream, thus this made it possible either to accelerate the flow
or to decelerate it.

With regard to the model geometry and the place of location of the magnetic coil
it is technically difficult to impact on the flow by the electromagnetic force in the
same way as before. Therefore, we proposed and realized another mechanism of the
influence on the supersonic gas flow consisting in changing the parameters of the
supersonic flow due to heating the gas. The heating performed by an electric current
passed through the gas causes local variations of the gasdynamic parameters including
the shock wave structure. Interaction of this current with the magnetic field of the coil
leads to emergence of the electromagnetic force that will displace the region of local
heating about the body surface.

Figure 2.1 shows the schematic of such a device. The object under study is a
body of revolution consisting from a sharp cone coupled with a cylinder. Inside the
cylindrical part of the model there is a magnetic coil (1). The coil is winded onto a
magnetic core (2) of the cylindrical shape 26 mm in diameter. The cone opening is
60°. Along the core axis a brass electrode (3) of 6 mm in diameter with the conical
fore end is located. The space between the magnetic core and the central electrode is
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filled in with epoxy (5). The magnetic core is manufactured from a special steel wit
low residual magnetization (narrow hysteresis loop) and play the role of a magnetic
circuit.

The region of interaction of the discharge plasma with the magnetic field is
located between the outer conical surfaces of the central (3) and ring (4) electrodes.
The ring electrode being a part of the magnetic core is connected to one of the coils
ends, and the second coil end is connected to an external voltage source. Another pole
of the voltage source is connected to the central electrode (3). The electric diagram of
the circuit is shown in Fig. 2.2.

As a source of the pulsed voltage we use a circuit with the distributed parameters
consisting of 14 LC cells. Before the experiment this circuit is charged up to the
necessary voltage by a source of direct current. A high-voltage transformer with a low
inductance is connected in series into the discharge circuit. The transformer forms a
short (~ 1 us) triggering pulse of a high voltage (about 30 kV). This pulse initiates an
electric breakdown through the discharge gap between the central and ring electrodes
and provides the discharge of the LC circuit. The current with the strength ~ 10° A
arisen in the discharge gap is affected by the magnetic field established by the
inductor (1) which causes azimuthal rotation of the discharge channel around the
body.

Figure 2.3 shows the appearance of the body of revolution with the inductor. The
cylinder diameter is 28 mm, total length is 62 mm, cone opening is 60°. The magnetic
coil consists of 20 turns of a wire of 1 mm in diameter.

2.3 Results of measurements

The first measurements were conducted with no supersonic flow. The air
pressure in the test section was maintained at a level up to 0.1 atm which
approximately corresponded the pressure in the supersonic flow at the outlet nozzle
cross section. In these experiments, the total over time plasma radiation from the
region near the body and Shlieren patterns of the flow corresponding to various time
instants beginning from the discharge onset were reordered.

To evaluate the rotation speed of the discharge plasma around the body we
employed a photo recorder operating in the waiting regime (photo scanner). The
image of the conical surface of the model was focused onto a film with the help of a
rotating reflecting prism and was displaced over the film at a preset velocity. The
image size along the scanning direction was bound with the help of a special slit
diaphragm of 2 mm in width. In this way the spatial-time scanning of the illumination
of the body surface section chosen was performed.

The discharge in the gas occurred during approximately 1 ms, the electric current
flew from the central electrode to the ring one. Th current pulse shape is shown in Fig.
2.4. In Fig. 2.4 is seen that the rise time of the current is about 300 us after the
initiation. An analysis of the Schlieren patterns shows that approximately in the same
time the distribution of perturbations near the body loses the asymmetry distinctly
expressed at the initial stages of the discharge.

Figure 2.5 displays the total over time pattern of the gas radiation from the body
vicinity. It is seen that the radiation region is practically symmetric relative to the
body and partially propagates over the cylindrical body surface. Near the conical
surface, the radiation is more intensive, which, probably, is associated with a higher
current concentration in this region. The frequency of plasma rotation around the
body increases with decreasing the gas pressure.
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The second series of the experiments was carried out when the model was
located in a supersonic nitrogen flow. Nitrogen in the shock tube was heated by the
reflected shock wave up to the temperature ~ 1800 K. The constancy of the gas
parameters behind the reflected shock wave was retained during 2 ms. The object
under study was located inside the test section downstream from the outlet nozzle
cross section. The mainstream flow parameters amounted to: the gas pressure 50
mbar, density 0.04 kg/m® temperature 440 K, gas velocity 1600 m/s, Mach number 4.

In the experiments, the current strength varied by changing the voltage of the
external source, the current amplitude reached 1500 A. The current direction
remained the same as in the previous experiments — from the central electrode to the
ring one. The initiation of the discharge of LC circuit through the inductor located
inside the object under study was performed after the steady-state flow through the
nozzle was formed.

Figure 2.6 shows Schlieren patterns of the supersonic nitrogen flow about the
body of revolution with no MHD effects and with the presence of them. In Fig. 2.6a
there is a pattern of the steady-state flow about the body with no MHD interaction.
The last three patterns corresponding to various time instants from the onset the
current through the gas convincingly evidence the strong impact by the revolving
discharge on the wave flow structure. The flow pattern becomes asymmetric and
changes as the discharge region displays about the conical body surface. In the photos
a comparatively narrow discharge region near the body surface is well seen. Between
the boundary of the discharge region and the shock wave front there is a region of less
hot gas. The flow above the cylindrical surface is featured by the presence of strong
turbulent inhomogeneities which manifests themselves specially brightly in photos
corresponding to the late phase of the process.

The frequency of rotation of the body in these experiments amounted to
approximately 30 kHz. It was found that this magnitude is practically independent of
the current strength and magnetic induction of the field.

An interesting result was obtained when changing direction of the electric current
through the plasma: the central electrode was connected to the negative pole of the
voltage source and the ring electrode —to the positive one. In this case, the current
through the plasma and vector of magnetic induction invert their directions, while the
direction of rotation of the discharge is retained. The frequency of rotation of the
discharge in this case decreased practically by a factor equal to 2 and amounted to
14 kHz.

Figure 2.7 shows X—1 scanning obtained at different directions of the electric
current through the plasma: the upper one corresponds to the current direction
coinciding with the flow velocity vector, the lower one — to the opposite direction. To
time scanning there corresponds the horizontal axis, the direction of the vertical axis
coincides with the cone generatrix from the vertex of the cone to its base. The
scanning speed in both experiments is the same.

Attention is drawn to considerable change not only in the illumination spot
repetition frequency but in their internal structure.

A reason for such an effect, probably consists in the structure of electric
discharge through a gas. On the one hand, formation of cathode spots at the cold
electrode surface (cathode) promotes concentration of the electric lines of force near
the spot. Because the electromagnetic strength is proportional to the density of electric
current, in the case of connection the negative pole of the voltage source to the ring
electrode (cathode), the velocity of rotation of the discharge plasma around the body
is higher than at the opposite connection.
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On the other hand, due to nonuniformity of the potential distribution in a linear
gas discharge where the potential gradient near the cathode is larger than near the
anode, it is possible to suppose that the heat release in the discharge region is also
larger near the cathode.

The aforesaid is confirmed by the result of the following experiments. The heat
flux was measured in quiescent air at a pressure of 50 mbar and at different directions
of the current through the discharge plasma. The measurements were carried out by
gradient heat flux sensors [6-7] located at the cylindrical part of the model (see Fig.
2.8). Figure 2.9 shows signals produced by the sensor located closer to the conical
surface of the model at two opposite directions of the current through the discharge
plasma. Remind that the current direction was altered by changing of connection of
the external voltage source to the electrodes. Curve 1 in the plot corresponds to
connection of the negative terminal of the voltage source to the ring electrode, and
curve 2 — the positive one. In the plot it is seen that the heat flux is appreciably larger
when the ring electrode play the role of cathode.

When the model is placed into a supersonic nitrogen flow, the heat flux
distribution over the model surface changes. In Fig. 2.10 there are signals of the heat
flux located at the middle of the cylindrical part of the model at the opposite
directions of the current passage. Attention is drawn to a considerable increase of the
heat flux as compared with a quiescent gas (see Fig. 2.9) and emergence of heat flux
pulsation. When the ring electrode plays the role of anode, the pulsation is more
distinct and its frequency corresponds to the frequency measured with the help of the
photo scanner. The average magnitudes of the heat flux to the model surface at the
opposite current directions differ less from each other than in a quiescent gas, which
probably can be explained by the drift of the discharge plasma by the supersonic flow
toward the heat flux sensor. However, when the ring electrode plays the role of anode,
the heat fluxes remain noticeably less.

An analysis of the Schlieren patterns in the case when the ring electrode is
cathode shows that there are no noticeable changes in the shock wave structure of the
flow about the model. The position and shape of the attached bow shock wave near
the conical surface remain practically the same as in Fig. 2.6.

Note that in spite of nonstationary character of the process, pulsation of the heat
flux is relatively small as compared with its average magnitude. Probably, this is
explained by that the discharge is not localized but occupies some gas volume.
Rotation of this volume in the azimuthal direction provides a distribution of the
gasdynamic parameters, and, in particular the heat flux, close to steady-state one.
Thus, the facility designed can be employed for modeling thermal processes in
supersonic flows about bodies. Such an approach to modeling thermal processes in
molecular gases in a shock tube seems very promising because reaching high
parameters of a supersonic plasma flow of a needed duration by means of heating a
working molecular gas by shock wave compression is associated with considerable
difficulties.

2.4 Conclusions

1. An original MHD facility for ionization of a supersonic gas flow about a body of
revolution is designed and successfully tested. The principle of operation of the
facility is based on displacement by a magnetic field of a strong thermal
inhomogeneity about the surface of a body of revolution in the azimuthal direction
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The facility allows one to realize an effective impact on the shock wave flow
structure and its gasdynamic parameters.

. Technical implementation of the approach proposed for MHD control of a
supersonic flow allows one to considerably extend possibilities of the
experimental equipment existing at the loffe Institute and, in particular, in
studying of thermal processes about bodies of revolution in supersonic flows of
molecular gases.

. The simplicity of the approach proposed admits various modifications of the
facility construction and allows one to readily change interrelation between the
thermal and force impacts onto the body surface by varying the discharge current
strength, induction and geometry of the magnetic field.
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Fig. 2.3. Appearance of the model under study.
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Fig. 2.4. A pattern of total over time plasma radiation from

the region near the body in quiescent air.
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Fig. 2.5. A typical current pulse.
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a) b) c) d)

Fig.2.6. Schlieren patterns of a supersonic nitrogen flow (M = 4)
a) —without MHD interaction, b),c),d).- withc MHD interaction at various time

instants from the discharge onset.
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Fig.2.7. Time scannings of the plasma radiation from a
region near the conical body surface in supersonic nitrogen
flow about the body at the opposite directions of the current

throuah the discharae aan: above — the current is directed

Fig. 2.8. View of the model with the heat flux sensors.
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Fig.2.9. Heat flux toward the body surface from a discharge in quiescent air: 1- the ring electrode is
connected to the negative terminal of the external voltage source, 2 - the ring electrode is connected to
the positive terminal of the source.
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Fig. 2.10. Heat flux toward the body surface from a discharge in a supersonic
nitrogen flow: 1- the ring electrode is connected to the negative terminal of the
external voltage source, 2 - the ring electrode is connected to the positive terminal of
the source.
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3. NUMERICAL SIMULATION

The idea of the MHD flow control for improving aerodynamic characteristics of super- and
hypersonic vehicles, in particular, for reduction of the drag and the wall heat flux is a result of
successful investigations on the MHD control of internal plasma flows in ducts modeling supersonic
intakes.

During the reporting year in the framework of the Project numerical investigations have been
carried out of weakly ionized plasma flows about bodies in applied magnetic field. According to the
Project Tasks simulation algorithms have been developed, supersonic plasma flow structure was
investigated, and an attempt was made to estimate the feasibility of the MHD external flow control.

The Report contains the algorithm descriptions, results of the investigations, and the analysis
of the main factors influencing on the flow structure.

3.1. Introduction

In the framework of the project experimental and numerical investigations of supersonic
lowtemperature lowionized xenon plasma flows about a body of revolution in the magnetic field were
carried out.

The experimental setup is based on the Big Shock Tube (BST) of the loffe Institute. It consists of
the supersonic nozzle attached to the shock tube and the body of revolution installed in the nozzle
outlet (Fig. 3.1).

Fig. 3.1. The scheme of the experimental setup.
1 - the nozzle, 2 - the body of revolution.

Xenon is characterized by greater recombination time in comparison with air, which allows us to
separate the problems of gas ionization and MHD interaction. Preliminary ionized in the shock tube
plasma is accelerating in the supersonic nozzle. The geometry of the nozzle provides the Mach
number of the flow about M ~ 4.5 when it meets the body. Magnetic field is generated by the
magnetic inductor built in the body.

This part of the report is devoted to the numerical simulation of the flow under study. It contains
the description of the mathematical model and numerical algorithm. The results of calculations of the
flow for various magnetic field and electric current configurations are presented. The effects of
viscosity and heat conductivity are analysed, as well as the influence of MHD interaction on the shock
wave structure and heat fluxes to the body surface.

3.2. Mathematical model

In our calculations we will use cylindrical frame of axes (z, r, €) instead of planar one (X, y, 2).
The scheme of axes system is shown in Fig. 1, here, z-axis is coincided with body symmetry axis.
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Fig.3.2. The scheme of the cylindrical frame of references used in the
mathematical model.

The body of revolution interacts with uniform supersonic plasma flow. The incidence of the body
is equal to zero so, the flow under study is axisymmetric. This means that of/oe =0 for any given
function f.

Plasma equations.

Xenon plasma is supposed to consist of atoms (a), positive ions (i), and electrons (e). The analysis
is conducted assuming plasma quasi-neutrality and two-temperature model. The magneto-gas dynamic
interaction is taken into account within the framework of the MHD approach and neglecting the
induced magnetic field. Validity of these assumptions follows from inequalities [1]:

-1

b Re,, <<1

Ip <<L, Vy<<¢, 14=L/Vy>0

which certainly hold for the flows under study. Here, Ip is the Debye length, L is the flow length scale,
Vy is the flow velocity scale, c is the light speed, a, is the plasma frequency, Rey is the magnetic
Reynolds number.

With above assumptions, non-equilibrium three-component and two-temperature plasma flows
subjected to an applied magnetic field are governed by the following equations:
total continuity equation

@+E o(rpV,) N opV, _ 0
ot r or oz

continuity equation for the electrons

on,  Lo(meVy) onV, _10f wo(ne| afwafn)l
o r or oz ror| Scor{ p oz| Scoz\ p

axial projections of total momentum balance equations
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total energy balance equation
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energy balance equation for the electrons

o(3 10 5 0 5 -
at(zpe]+ ar(Vr2pe]+aZ(Vz2pej:_vqe"’J(E+\7XB)+\7'Vpe_nesion+

3%"”63 (Vei *tVea )(T _Te)

where r, z, ¢ are the radial, longitudinal and angular coordinates respectively or mean the radial,
longitudinal and angular vector components when been used as a subscript; t is the time; p = pa+pi+pe
is the plasma pressure; p, (¢=a, i, e) is the partial pressure of a-component; p = patpit+pe IS
density; n, is the number density of a-component (a = a, i, €); V (Vi, V, V) is the plasma velocity; T,
T, are the temperatures of heavy particles (ions and atoms) and electrons; m, m, are the mass of heavy
particle and electron; k is the Boltzmann constant; n, is the number rate of electron production per
unit volume; va wi are the collision frequencies for electrons with ions and atoms; &, is the
ionization energy per atom; p is the gas viscosity; Sc is the Schmidt number; Re is the Reynolds
number; B (B, B;, B,) is the magnetic field induction; E (E., E;, E.) is the electric field strength; j(jr, j.,
J¢) is the electric current; E is the gas total energy per unit volume; q,,q are the heat fluxes due to the

electrons and the heavy particles:

2
E= gp+% g=AVT =uVT/RePr

where A is the heat conductivity, Pr is the Prandtl number. The heat flux due to the electrons is

evaluated following elementary theory in which [1]:
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where b = B/| B| is the unit vector of magnetic induction, B is the Hall parameter for electrons, indices
|l, L, H correspond to parallel, perpendicular and Hall components of vector.

The electron production rate n, is calculated following the theory of non-equilibrium ionization in a
low-temperature rare gas plasma developed by Biberman et al. [2]. The main processes which
determine the charged particle concentrations within the range of conditions considered are ionization
by electron impact and three-particle recombination. The recombination rate constant for xenon
plasma calculated following the above theory was presented in our previous report [3] as function of
the electron temperature. We use the recombination rate constants from these graphs. The ionization
rate constant is found through the equilibrium constant [1]. The expressions of the collision
frequencies for electrons with heavy particles vza, i can be found in [1,3,4].

Electric field potential equation.
Electric current density is found from the generalized Ohm’s law:

j=o/E/+0,El +o,bxE"=8{E],E} E/}'
E"—E+VxB+  Pe

en,

where E” is total force affecting the electron, s is the tensor of conductivity

Gy G O 100 0 b, -b, b? bb, byib,
4 Ou O4|=0,-10 1 Ol+oy-|-b, 0 b [+(oj—c,):|bb, b7 b,b
001 0

2
Gy Oy O b,b, bb, b’

&=

nee o) o)Pe
_ et on=11p
+ e

e is the electron charge.
Assuming the magnetic field to be stationary the Faraday law has a form v xE =0, which implies
E =-Vo, Where ¢ is the electric field potential. The flow is axisymmetric which means that op/oe = 0

and, consequently, E. = 0. The equation for the electric field potential ¢ arises from the relation vj =0
and uses the expression of electric current j from the generalized Ohm’s law, which gives:

. Vp
\Y] =V{6(—V(p+\7x B+ej}=0,
ene
Boundary conditions.

In the inflow boundary all plasma parameters are prescribed. On the body walls, the non slip
conditions are imposed. As it was shown in the BST experiments [5], the temperature of the walls is
constant during the BST operation time, so, heat fluxes on the body surface are calculated assuming
the constant wall temperature. On the outflow boundary where the flow is supersonic boundary

49



conditions of type of/on= 0 are used where n is normal to the boundary vector. For potential equation
the electric current impermeability boundary conditions are used in all boundaries.

3.3. Numerical method

For the solution of the above equations we used the finite volume methods. It means that the
equations are integrated via the computational mesh cells volume after this volumetric integrals from
the vectors divergence is substituted by integrals via cell surface according to the Gauss-Ostrogradskii
theorem. These methods are conservative and allow “shock-capturing” calculations.

The solution is looking in the nodes of structured computational mesh formed by the intersection of
two sets of mesh lines, so, the number of computational cell is defined by two indices (i,j) correspond
to the mesh lines numbers.

Method for the solving electric field potential equation.

For the solution of the above equations we used the finite volume methods. It means that the
equations are integrated via the computational mesh cells volume after this volumetric integrals from
the vectors divergence is substituted by integrals via cell surface according to the Gauss-Ostrogradskii
theorem. These methods are conservative and allow “shock-capturing” calculations.

The solution is looking in the nodes of structured computational mesh formed by the intersection of
two sets of mesh lines, so, the number of computational cell is defined by two indices (i,j) correspond
to the mesh lines numbers.

The integral form of the potential equation is the following:

\%
6(— Vo+V xB+ pe]]dS
ene

where S is the cell surface, V is the cell volume; N(N,,N,) is the unit vector normal to the cell

boundary.

For determination of integrand on the cell boundaries the linear approximation in the triangle
elements was used [6]. Fig. 3.3. shows the scheme of this approximation. In the figure point (i,j),
@i+1,), (i,j*+1), (i+1,j+1) are the mesh nodes, points (i+%,j), (i,j+%) are the centers of the
corresponding mesh lines segments connecting neighbouring mesh nodes. For example, on the
(i+%,))-(i+¥2,j+%) segment any function or it derivatives are found via the approximation inside
[(i.),(i+Y2,)),(i,j+%2)] triangle.

[vi-dv=[(j-N)ds= [ N-

Vl‘j SI,] sle

(i,j+1) (i+1,j+1)

....... (ij:12) {+120#12)  ————— mesh lines
----------- :" \,

N | e cell boundary .
P I N triangle element  F19. 3.3. _
S boundary Computational cell
r'(iﬂ/zj) (i+1,) scheme. The cell

volume and triangle
elements used for the
approximation are
shown.

é

~
-
~—
-------------

Discretisation of the integral form of the potential equation on the computational mesh gives the
system of algebraic equations for the potential magnitudes in the mesh nodes with block-threediagonal
matrix of the coefficients. This system is solved by the block Thomas algorithm.
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Method for the solving plasma dynamic equation.

The vector form of the plasma equations is the following:

y_{_ia”:r_'_@_'_llz'ziarcar+@+1G'+Qm+Qn
ot r or oz r r or oz r

where U is the vector-column of flow parameters; F,, F,, F”are the vector-columns of convective
flows, vector-columns G;, G;, G’ contain viscous and diffusive flows and heat conductivity, vector-
column Qp, contains electro-magnetic terms of the equations, Q, contains the terms concerned with
non-equilibrium Kinetic processes of ionization and electron-heavy particle exchange.

Assuming gas dynamic variables to be constant within a computational cell and making use of the
integral formulae of vectorial analysis, one can write out finite-volume notation of plasma equation
for a computational cell:

du 1 , ,
(j = jr(_FrNr_FzNz +G N, +G,N,)dS+F;V;j+Gi;V,; +(Qm)i,j+(Qn)i,j
dt Ji; Vol g

where Vol; ; = [rdv.
Vi‘j

With known expression inside the braces and known (Q,,);; this equation represents the set of
ordinary differential equations which is solved by the implicit two-layer method.

For evaluation of the convective flows F., F,, the Godunov-type high resolution TVD scheme was
applied [7,8,9]. In this scheme, flows on the edge between the cells are found from the solution of the
Riemmann problem between the magnitudes of gasdynamics functions approximated from the cell
centers:

Fianoj = Riemman(U f1/2,j:U i’illz,j)
UiL+1/2,j =U;j +1/2-li,y,,5 - (OU /0i); 5 -
UiFjrll2,j =Ujj —1/2- L4055 - (QU 101)j,

where li+12 is the length of the segment connecting (i,j) and (i+1,j) nodes (see Fig. 3.3).
The special limiter function is used when the gasdynamics function gradients are calculated, which
provides the monotonicity in the regions of non-smooth functions behavior.

(auj = limiter Yij Yis; ,Ui+1’j Ui
ol i

i-1/2,] lisas2,j

Integrals from G,, G,, vectors are approximated in the same manner as the terms in the potential
equation. Vector Qy, is evaluated after the solution of the electric potential equation.

The above computational procedure is second-order accurate with respect to both spatial
coordinates in the flow regions with smooth function behavior.

3.4. The results of calculations.

Configuration of the flow domain allows us to separate the computations into two stages. First, the
flow field is calculated inside the nozzle. After this, on the second stage, the calculations are made for
the flow about the body.

In Fig. 3.4. the distribution of the Mach number in the nozzle of the experimental setup is
presented. The calculation gives the following flow parameters in the nozzle outlet:
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n=4.34x102 1/m3, «=4.157x10" T=1729K,
T.=3637 K, V,=1966 m/s, M=4.56.

where M is Mach number of the flow. These values are used as inflow boundary conditions on the
second stage of calculations.

Fig. 3.5 demostrates the comparison of calculated and experimental shadowgraphs of the flow
about the body without MHD interaction. The body of revolution represents the cone with 30° half
angle put together with the cylinder. The Reynolds number of the flow is Re ~ 10*. The attached to the
cone shock wave is well seen in the figure. Fig. 3.6 shows the distribution of the ionization degree,
heavy particle and electron temperatures.

In Fig. 3.7. the variation of the heavy particle and electron temperatures is shown when plasma is
coming through the shock wave. It is seen that the electron temperature jump in the shock wave is
smaller then the jump of heavy particle temperature. Due to intensive electrons heatconductivity, the
heating of electrons gas take place in the front of the shock wave. These facts are confirmed by the
theoretical investigations [10]. In Fig. 3.7. the region 2 means the shock wave and region 1 means the
area of electrons heating in front of the shock. When approaching the shock wave, the considerable
separation of electrons and heavy particle temperatures occurs. The electron temperature jump in the
shock wave is ATe = (Te)1/(Te)o ~ 1.72, the heavy particle temperature jump is AT = T1/To ~ 3.32,
where index 0 indicate the parameters before and index 1 indicates the parameters after the shock
wave. Due to increasing of the density and temperature after the shock wave the intensive heat
exchange between heavy and electron components takes place. In Fig. 3.7. this region is denoted by 3.

In Fig. 3.8. the typical profiles of the flow velocity (U), heavy particle and electron temperatures
(T, Te) and plasma electric conductivity (c) are presented. In the calculations the body wall was
considered to have a lower temperature than the flow temperature, as a result, the low conductivity
layer is attached to the wall.

Magnetic field is generated by the set of turns inside the body. Three configurations of magnetic
coils were considered. In the first configuration, the coil is situated after the cone its diameter is the
same as the diameter of the cylindrical part of the body (Fig. 3.9.1). In the second configuration, the
turns of the coil are located along the lateral face of the cone (Fig. 3.9.2). In third case, the coil has a
small diameter and is positioned near the cone nose (Fig. 3.9.3). The distributions of magnetic field
induction are shown in Fig. 3.9. Additionally to the magnetic field in the case of the first configuration
of the magnetic coil, the external electric field was applied (configuration 4). In this case, electric
current flows through the electrodes on the lateral face of the body. First electrode is situated near the
point of cone and cylinder coupling, the second is situated in the nose of the cone (Fig. 3.10)

The presence of the magnetic field leads to appearance of the electric current. It results in heating
of the electron component due to Joul heat release and modification of the flow velocity due to
ponderomotoric forces, azimuthal components of the electric current and flow velocity also appear.
Additional flow structure modification is caused by the heat transfer from "hot" electrons to heavy
particle.

A set of calculations of inviscid flows was carried out for investigation of the MHD interaction
influence on the shock wave structure. Figs. 3.11-3.13 shows the distributions of the flow parameters
for considered magnetic coils configurations. The electric current through the coil turns is equal to
1 KA.

It is seen that the increase of electron temperature take place in the vicinity of the magnetic coil
turns, especially, downstream from the coil. Shifting of the coil position allows to displace the
electron heating area to the region upstream from the shock wave. The considerable influence of the
magnetic field on shock wave structure is not visible.

The flow with both external magnetic and electric fields is illustrated by Figs. 3.14-3.15. In this
case MHD interaction has the most considerable influence on the flow. On the shadowgraph of the
flow the variation of the shock position is visible. Moreover, in this calculation the maximal values of
azimuthal projections of the plasma velocity and electric current were obtained.

The shadowgraphs of the viscous flows in the magnetic field are presented in Figs. 3.16.-3.17. The
position of the magnetic coil corresponds to the first configuration (Fig. 3.9.1.). In the case from the

52



Fig. 3.18 the electric current through the electrodes was switched on (configuration 4). Analysing this
pictures, the conclusion can be made that MHD interaction leads to the slight thickening of the
boundary layer. This fact can be explain by the heating of the flow.

The distributions of the body surface heat fluxes due to heavy particle g,, and electrons (qw)e are
illustrated by Figs. 3.18. - 3.19. The primary wall heat flux is generated on the lateral surface of the
cone its maximum locates on the cone nose. On the cylindrical part of the body the heat flux is
generated by the plasma crossed through the rarefaction waves fan, so, its magnitude is much smaller.
The general contribution to the heat fluxes is made by heavy component.

The comparisons of the various flow regimes in Figs. 3.18. - 3.19. show that after switching on of
the magnetic field heat flux varies mainly due to electron component, the heat flux due to heavy
particles varies when the electric current is switched on.
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Fig. 3.4. Mach number distribution in the nozzle of the experimental setup.

Fig. 3.5. The comparison of the calculated (top) and experimental (bottom) shadowgraphs of the flow
about the body without MHD interaction.

Fig. 3.6. The distribution of the
ionization degree (a), heavy particle
temperature (Te) and electron temperature
(T) about the body.
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Fig. 3.7. Variation of the electron and heavy particle temperatures while coming through the shock
wave. 1 is the region of electrons heating in front of the shock due to electrons heatconductivity; 2 is
shock wave; 3 — is the region of electron temperature relaxation.
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configuration 1 configuration 2 configuration 3

Fig. 3.9. Configurations of the magnetic coils and corresponding magnetic field streamlines.

Fig. 3.10. The electrode system of the body
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Configuration 1

b)

d)

Fig. 3.11. Flow parameters distributions
in magnetic field corresponding to the
first configuration of magnetic coil. In the
figure are shown: shadowgraph of the
flow (a), electron temperature T, (b)
azimuthal projection of the flow velocity
U, (c), azimuthal projection of the current
Je (d) and electric current streamlines (e).
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Configuration 2

b)

d)

Fig. 3.12. Flow parameters distributions
in magnetic field corresponding to the
second configuration of magnetic coil. In
the figure are shown: shadowgraph of the
flow (a), electron temperature T, (b)
azimuthal projection of the flow velocity
U, (c), azimuthal projection of the current
Je (d) and electric current streamlines (e).
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Configuration 3

b)

d)

Fig. 3.13. Flow parameters distributions
in magnetic field corresponding to the
third configuration of magnetic coil. In
the figure are shown: shadowgraph of the
flow (a), electron temperature T, (b)
azimuthal projection of the flow velocity
U, (c), azimuthal projection of the current
Je (d) and electric current streamlines (e).
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Configuration 4

Fig. 3.14. Comparison of calculated (top) and experimental shadowgraphs of the flow under the
external magnetic field with electric current through the electrodes (configuration 4).

a) b)

Fig. 3.15 Distributions of the flow parameters in magnetic field with electric current through the
electrodes. In the figure are shown: electron temperature Te (2), azimuthal projection of the flow
velocity U, (b), azimuthal projection of the current j. (c) and electric current streamlines (d).
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Fig. 3.16. The shadowgraph of the viscous flow in the magnetic field (configuration 1)

Fig. 3.17. The shadowgraph of the viscous flow in the magnetic field with electric current through
the electrodes (configuration 4)

0.5+

0

Fig. 3.18. Distribution of the body wall
heat fluxes due to heavy particles.
Solid line corresponds to the flow
without MHD interaction; long dashed
line corresponds to the flow in the
magnetic field with electric current
through the electrodes.

05 1 15 2 x
Fig. 3.19. Distribution of the body
wall heat fluxes due to electrons.
Solid line corresponds to the flow
without MHD interaction; short
dashed line corresponds to the flow
in the magnetic field.
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3.5. Analysis of factors influencing on supersonic flow about “cone-cylinder” body under
MHD impact

Continuing investigations of flows about bodies under the MHD interaction (see Technical
Report # 16 "Supersonic flow control by a magnetic field" (Section 3)) a study has been done of effect
of Joule heat release on a supersonic weakly ionized plasma flow about axisymmetrical body "cone-
cylinder” (see Fig. 3.2) under applied magnetic field.

In experimental investigations of such flows to enhance efficiency of the MHD interaction a
surface electric discharge was arranged between an electrode installed on the model nose and a ring
coaxial electrode installed at cone-cylinder conjugation. In the applied magnetic field the discharge
rotates at angular velocity about 3-10* s™. Nitrogen plasma was considered, the Mach number of the
incoming flow was, M=4.0, the density was, p=0.039kg/m?, the temperature was, T=440K, magnetic
field and electric discharge parameters were indicated in the previous Section of the present Report.

Effect of the Joule heat release in the rotating discharge was analyzed using the Navier-Stokes
equations and a given heat flux on the cone surface.

In this case the equations may be written as follows:

pd[—;j=div(|5\7)+div(/19radT),

here p is the plasma density; V is the plasma velocity; T is the plasma temperature; u, A are the

plasma viscosity and the heat conductivity; ¢=c¢,T :ilE is the specific internal energy of the

2
plasma; P =2uS —( p +§ydiv\7jf is the stress tensor; S is the strain velocity tensor; E =g p+%
is the specific total plasma energy.

In the inflow boundary all plasma parameters are prescribed. On the body surface the non-slip
conditions are imposed. Heat flux from the cone surface is given on the cone surface to simulate the
Joule heat release in the electric discharge. In the outflow boundary the non-reflecting conditions are
used.

A computational procedure which is used possesses the second-order accurate in respect to
both spatial coordinates in the flow regions with smooth function behavior and the temporal
coordinate.

Fig. 3.20 (a) presents a shadowgraph of the supersonic flow about the considered body without
MHD interaction. White dots indicate location of the computed bow shock. Thus it is possible to
conclude that the Navier-Stockes model provides rather good agreement with experimental data. Fig.
3.20 (b) presents a shadowgraph of the flow under MHD interaction. Estimation of the Joule heat
release power at conditions of the experiments gives Q ~ 10°W. In computations it was assumed that
the heat flux from the cone surface was q,=6-10"W/m? which for the body of a given size
corresponded to the experimental heat release. Red dots indicate location of the computed bow shock
under the heat release on the cone surface.
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(@ N
Fig. 3.20. Shadowgraphs of supersonic flows about "cone-cylinder" body:
without MHD interaction (left); under MHD interaction (right).

Fig. 3.21 shows shock wave locations from experiments and from computations, q, is the heat

flux providing for the given body the experimental heat release (all distances are measured in meter).
Discrepancy of experimental data and simulations on the cylindrical part of the body (see Fig. 3.20
(left)) may be explained by effect of a specific rarefaction wave on the bow shock since the
experimental body has a kink at the cone-cylinder interface which was not considered in the
computations. The kink influences on formation of the rarefaction wave which in turn interacting
with the bow shock results in its more noticeable bending than in the simulations.

Fig. 3.21. The bow shock in the experiments and in the simulations.

Figs. 3.22 — 3.24 demonstrate distributions of the gas pressure (Fig. 3.22), of the Mach number
(Fig. 3.23), and of the gas density (Fig. 3.24). The computations were carried out accounting for the
heat flux on the cone surface providing the experimental heat release. It is seen that in the heat release
domain rise of the temperature results in subsonic flow behind the attached conical bow shock. The
angle of the shock increases (see Fig. 3.21). In the vicinity of the cylindrical part of the body the flow
is the transonic one.
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Fig. 3.22. Pressure distribution with the heat flux of the cone surface.

Fig. 3.23. Mach number distribution with the heat flux of the cone surface.
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Fig. 3.24. Density distribution with the heat flux of the cone surface.

Increase of the temperature at the cone surface leads to significant decrease of the density and
formation of a clearly seen contact surface (see Fig. 3.24).

Thus, on the basis of the obtained results one may conclude that at parameters under study the
main factor influencing on the flow structure under MHD interaction is the Joule heat release.
Nevertheless it is necessary to note that the accepted model of a perfect gas limits applicability of this
approach.

3.6. Spatial structure of flow about body accounting for rotation of electric discharge on the
body front surface.

To increase locally the electric conductivity of the plasma for the purpose of intensification of
the MHD interaction an electric discharge was arranged in the experiments between electrode located
in the stagnation point and annular electrode on the body surface in the bluntness-cylinder
conjugation. In applied magnetic field generated by the coil in the body (see Fig. 3.6, configuration
#1) the electric discharge rotates which results in spatial structure of the flow. As it was shown in
Section 3.5 of this Report the main factor influencing on the flow under the considered parameters is
the Joule heat release in the discharge. Therefore in simulations of the supersonic flow about the body
with rotating electric discharge on the body bluntness the Nervier-Stokes equations (see Section 3.5)
are used. To take into account the effect of the Joule heat release in the electric discharge a rotating
domain with heat flux directed into the flow is used as boundary condition on the body head. The
domain has a form of sector on the bluntness with the apex in the stagnation point and the base on the
conjugation circumference. The base of the sector is equal to 0.196 radian. The heat flux on the sector
surface is equal to that of the electric discharge estimated in this case for parameters under study as
1.4-10%/s-m* ,

A supersonic Ar flow about spherically blunted cylinder is considered, radius of bluntness is
0.01 m, incoming flow velocity is 968 m/s, temperature is 300K, pressure is 101350 Pa. The below
results correspond to two rotational speeds of “the electric arc” 400 Hz and 2 Hz.

Fig. 3.25 shows the computational domain: the body and three plans in which gasdynamic
function distributions will be presented. The first and the second planes are perpendicular to the body
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axis and locate at distances 5 mm and 9mm, respectively. The third one passes through the cylinder
axis and is chosen to correspond to maximum of the heat release at the given moment of time.

In Figs. 3.26 — 3.28 flow structures for the “arc” rotational speed equal to 400Hz are presented.
The figures demonstrate that distributions are significantly asymmetrical and the flow is spatial. It is
worth to be mentioned that pressure maximum on the body surface is shifted relatively heat release
maximum which is due to finite rate of transport processes in gas. Temperature distribution is
presented in Fig. 3.27 a spiral structure of the distribution on the body surface is seen. Origination of
the flow vorticity resulted from the “arc” rotation is shown in Fig. 3.28. These figures correspond to
time required for about ten full revolutions and the flow is established one.

Fig. 3.25. Computational domain, the body and three plans in which gasdynamic function
distributions will be presented.

pressure: 0.0E+00 1.3E+06 2.6E+06 3.8E+06 5.2E+06 6.5E+06 7.BE+06

Fig. 3.26. Pressure distribution. M=3.0; pp=101350 Pa, T=300 K, Ar, speed of the “arc” rotation is
400 Hz, inflow heat flux is 1.4-10°)/s-m?
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temperature: 3.0E+02 1.9E+03 3.5E+03 S1E+03 G67E+03 B.3E+03 8.BE+03

Fig. 3.27. Temperature distribution. M=3.0; po=101350 Pa, T=300 K, Ar, speed of “arc” rotation is
400 Hz, inflow heat flux is 1.4-10*°)/s-m?

vorticity-mag: 2.0E+05 ZA4E+06 4.7E+06 G.9E+06 89.2E+06 1.1E+07

Fig. 3.28. Vorticity distribution. M=3.0; p;=101350 Pa, T=300 K, Ar, speed of the “arc” rotation is
400 Hz, inflow heat flux is 1.4-10°)/s-m?

The following figures present results concerning to the rotation speed 2 Hz. It is seen that due
to relatively slow “arc” rotation domains affected by the inflow heat flux essentially larger then in
case of 400 Hz. Fig. 3.29 demonstrates that pressure distribution in the horizontal plane is
significantly asymmetrical. In Fig. 3.30 temperature distribution is shown which as in the case of
higher rotation speed is characterized by steep leading front (the *“arc” rotates clockwise) and more
stretched back front. This may be explained by the fact that during one revolution even for high speed
of rotation the gas heated up in the “arc” is completely replaced by the incoming “cold” gas (which is
heated up only in the bow shock wave).
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pressure:. D.0E+00 2.0E+05 4.0E+405 6.0E+05 8.0E+05 9.9E+05 1.2E+06

Fig. 3.29. Pressure distribution. M=3.0; pp=101350 Pa, T=300 K, Ar, speed of the “arc” rotation is 2
Hz, inflow heat flux is 1.4-10°)/s-m*

temperature: 3.0E+02 1.8E+03 3.3E+03 4.89E+03 6.3E+03 7.BE+03 9.3E+03

Fig. 3.30. Temperature distribution. M=3.0; po=101350 Pa, T=300 K, Ar, speed of the “arc” rotation
is 2 Hz, inflow heat flux is 1.4-10°)/s-m®

It is seen that in spite of at parameters under study the back front of the heated gas lags behind the

moving "arc" the domain of the heated gas is localized.
Distribution of the vorticity in this case is presented in Fig. 3.31. Relatively slow rotation of

the energy release domain results in more noticeable disturbances of the flow including vorticity
generation.
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vorticity-mag: 34E+05 7E+06 14E+07 21E+07 2.7E+07 34E+07

Fig. 3.31. Vorticity distribution. M=3.0; p;=101350 Pa, T=300 K, Ar, speed of the “arc” rotation is 2
Hz, inflow heat flux is 1.4-10°)/s-m°

Time variations of the temperature and pressure in three control points located on
circumference on the cylinder surface are presented in Figs. 3.32 — 3.33. The circumference is situated
at a distance 1.5 cm from bluntness-cylinder conjugation, the point are shifted from each other on 1.57
radian. Distinction of parameter impulses in these point can be associated with the effect of the “arc”
rotation which results in global rearranging of the flow with variation of the bow shock wave shape
and location. This in turn leads to variation of gas parameters just behind the shock wave. Since
deformation of the shock wave and movement of the heat-release domain are shifted on a phase,
parameters of the gas flowing into this domain periodically changes this influences on amplitudes of
the temperature and pressure in the control points.

Fig. 3.32. Time variation of the temperature in the control points.
M=3.0; po=101350 Pa, T=300 K, Ar, speed of the “arc” rotation is 400 Hz,
inflow heat flux is 1.4-10%)/s:m
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Fig. 3.33. Time variation of the pressure in the control points.
M=3.0; po=101350 Pa, T=300 K, Ar, speed of the “arc” rotation is 400 Hz,
inflow heat flux is 1.4-10%)/s:m?

Deformation of the bow shock wave and its phase lag from the rotational heat-release domain
is presented in Fig. 3.34. The figure demonstrates traces of the shock waves on a plane which is
perpendicular to the body axis and is situated from the stagnation point on 0.5 cm. Significant shape
variation of the wave in time is seen.

Fig. 3.34. Time variation of bow shock wave shape.
M=3.0; po=101350 Pa, T=300 K, Ar, speed of the “arc” rotation is 400 Hz,
inflow heat flux is 1.4-10°)/s-m?
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3.7 Conclusions

A set of mathematical models have been developed in course of the investigations in the
framework of the Project. This set enables one to describe MHD impact on supersonic flows about
bodies and to reveal main factors of this impact. The set includes a model of axisymmetrical MHD
flows of non-equilibrium two-temperature three component plasma and a 3-D model of viscous heat-
conducting gas. The latter is used for investigation of the effect of the Joule heat release on supersonic
flow structure.

The investigations allow to analyze various MHD interaction configuration, effect of incoming
flow parameters and plasma composition, and contribution of non-equilibrium processes. A way of
local increase of the plasma electric conductivity due to electric discharge on the body head is
considered.

It is shown that at parameters under study the Joule heat release is predominant factor
influencing on the flow structure. Effect the Joule heat release in case of “arc” rotation on the body
head is analyzed and spatial structure of the flow in this case is demonstrated.
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